Digested effluent of manure (DEM) produced by biogas-plants contains many macro-and micronutrients. In an experiment conducted in southern Kyushu (Japan), forage crops cultivated after receiving DEM and chemical fertilizers exhibited similar dry matter yields. From a logistical standpoint, however, DEM in liquid form is difficult to handle and apply due to the low concentration of nutrients. To overcome this shortcoming, we prepared dehydrated DEM (DDEM) by adding DEM to cattle manure without disturbing the manure fermentation process. The objective of this research was to evaluate the effect of DDEM on dry matter yield and nitrogen recovery rate in annual dualcropping systems (summer crop of maize or sorghum and winter crop of Italian ryegrass) that are typical of the region and to compare these results to commercial cattle manure alone, in combination with chemical fertilizer (CM or CM + CF), or no fertilizer application (NF). In both cropping systems, the DDEM treatment produced similar dry matter yields (2.6 to 3.02 kg•m −2 ) and apparent nitrogen recovery rates (43% to 53%) as the CM + CF and CM treatments. This suggests that DDEM can potentially replace chemical fertilizers and commercial cattle manure in the region.
Introduction
Expansion of intensive livestock operations in southern Kyushu, Japan has increased concerns about nutrient overloading of croplands. Nitrogen derived from animal excreta has become a problem in the region [1] - [3] . In the context of increasing pressure from local communities to reduce the environmental impacts of livestock operations, composting is receiving increased attention as an environmentally friendly manure management practice [4] [5] . In addition, increasing fossil fuel prices in recent years has led to an increase in chemical fertilizer costs [6] . Anaerobic digestion in biogas plants is an alternative way to handle animal manure and to reduce greenhouse gas emissions [7] . The digested effluent of manure (DEM) produced by biogas plants constitutes a liquid organic fertilizer and contains many macro-and micro-nutrients and minerals. In Japan, DEM was firstly applied to temperate perennial species such as orchard grass in Hokkaido regions [8] , and the use of DEM as fertilizer may reduce operating costs of biogas plants [9] . In Miyazaki at the border of temperate and subtropical regions, applications of DEM to representative annual summer forage crops such as maize or sorghum combined with winter crop of Italian ryegrass [10] and perennial tropical napiergrass [11] resulted in similar dry matter crop production to the application of fertilizer application. However, as a liquid fertilizer, DEM is difficult to manage due to its low nutrient concentration, and ammonium nitrogen derived from liquid DEM was lost evidently due to the emission to the atmosphere [8] . To overcome these demerits, we prepared dehydrated DEM (DDEM) by adding DEM to cattle manure without disturbing the manure fermentation process. The objectives of the current study were to determine the efficiency of DDEM application for increasing dry matter yield and nitrogen recovery rate in the annual double cropping systems typical of the region, and to compare these results with those yielded using commercial cattle manure with the same nitrogen rate amended and not amended with chemical fertilizer.
Materials and Methods

Preparation of Digested Effluent of Manure (DEM) and Dehydrated DEM
DEM was produced from swine feces in a biogas plant located within the University of Miyazaki. Total nitrogen (N) and ammonium N contents of the DEM were 0.52% and 0.41%, respectively. The N:P:K ratio of the DEM was 1.0:0.18:0.52, indicating that, among major nutrients, N content was highest. On average, share of total N in the form of ammonium N was 78%, indicating that N was primarily present in an inorganic form.
Cattle dung, rice bran and thermophile bacteria (Thermobifidafusca, Planifilumyunnanense and Geobacillusthermodenitrificans) were mixed with manure (50 m 3 ) and amended with DEM (1060 L) in a box (60 m 3 ) and maintained in a pile in the compost depot and mixed every 2 to 5 days for 2 months. The fermentation process was completed in 2 months to produce DDEM.
Field Trials
A field trial was carried out in Miyazaki, Japan (31˚82'N, 131˚40'E) in 2009. Soils were classified into medium and coarse-textured gray lowland soils. As for soil chemical properties, pH ranged between 6.2 and 6.6 and mean total N content, inorganic N content, and electric conductivity (EC) of the surface soil (0 to 15 cm depth) were 2.2 mg•g for summer and winter crops, respectively. These rates correspond to standard fertilization rates for forage crops in Miyazaki Prefecture. DDEM, CM and CF were basally applied once at the sowing. All plant samples were dried at 70˚C for 72 hours in a hot air oven to determine dry matter content. Soil samples were taken at a depth of 0 -15 cm, air-dried, and then passed through a 2-mm screen.
Chemical Analysis
The elemental content of manure was measured using an ICP mass spectrometer (ICPS-8100, SHIMAZU, Kyoto). Soil pH and EC were determined using a glass electrode and platinum-titanium electrode, respectively [12] . Soil samples (5 g) were dissolved in 50 mL KCL (10%) and extracted while shaking for 60 min. The suspensions were filtered and analyzed for ammonium and nitrate N content using an auto-analyzer (SWAAT, BLTEC, Tokyo). Total soil and plant nitrogen (TN) were determined using an NC corder (Model NC-220F, Sumitomo Chemical Center Co. Ltd., Tokyo). The apparent N recovery rate was calculated as follows:
Available Nitrogen Content of Manure
Aerobic incubation was performed according to the standard procedure [12] . In a 100 mL glass sample bottle, a mixture of soil (10 g) and each manure (DDEM and CM) (3.75 g) was added to 4 mL distilled water. The samples were incubated (30˚C) for 0, 3, 7, 14 and 28 days. After incubation, samples were dissolved in 100 mL KCL (10%) and extracted while shaking for 60 min. The suspensions were filtered and analyzed for ammonium and nitrate N content using an auto-analyzer (SWAAT, BLTEC, Tokyo).
Statistical Analysis
Analysis of variance was performed using Excel Statistics (OMS Co. Ltd., Saitama). Differences in mean values were assessed at the 5% probability level using the Bonferroni multiple comparison procedure.
Results and Discussion
Mineral Content of Manure
The moisture contents of fresh DDEM and CM were 143 and 438 mg•g −1
, respectively ( Table 1 ), indicating that DDEM has a lower specific gravity than CM, and is easier to handle than liquid DEM. Table 1 shows that DDEM had higher total N and ammonium N content than CM, and that the share of total N represented by inorganic N (ammonium plus nitrate) were 8.4% and 19.1% in DDEM and CM, respectively. DDEM and CM had similar contents of other elements except for potassium and calcium, which were higher in DDEM than CM. It was evident that DDEM had higher mineral contents of total nitrogen, phosphorus, potassium and calcium at DM basis than liquid DEM processed from dairy cattle slurry [13] .
Plant Growth
Figure 1 summarizes dry matter yields at harvest of the two cropping systems. Dry matter yields of maize for , respectively. No significant differences in dry matter yield were observed between treatments for either summer crop in either cropping system. However, with regard to the winter crop, dry matter yield of Italian ryegrass was lowest for the NF treatment in both cropping systems, while yields for the DDEM treatment did not differ significantly from that for CM + CF or CM treatment in either cropping system. Effect of nutritive source of DDEM on plant growth in maize-Italian ryegrass croppings was almost similar with liquid DEM, compared with CM treatment [10] . Herrmann et al. (2013) examined that biogas residue from energy-cropping systems application resulted in similar maize yielding performance to pig and cattle slurry in Germany [14] . Cropping system, crop and treatment
Soil Chemical Properties
ments. For all treatments, soil pH under both maize and sorghum ranged between 6.4 and 6.9, which is near the optimum pH for each summer crop. Soil pH under sorghum was significantly lower for the CM + CF treatment (P < 0.05) than for the NF treatment. However, soil pH under Italian ryegrass was slightly higher than the optimum pH range (6.0 -6.5). Soil EC tended to be lower in the NF treatment than in the other treatments in both cropping system. Changes in soil pH around neutral values and soil EC in a range of 0.05 -0.10 dS•m −1 were corresponding with those under liquid DEM application [11] . Total soil N content was significantly higher for the DDEM treatment than for the NF treatment, except at post-harvest of Italian ryegrass in the sorghum plus Italian ryegrass (S + IR) system. Soil inorganic N content was significantly lower for the NF treatment than the CM treatment at post-harvest of Italian ryegrass in the S + IR system. Table 2 shows the apparent N recovery rate for each crop in the two cropping systems. The N recovery rates in the maize plus Italian ryegrass (M + IR) system for the CM + CF, DDEM, and CM treatments were 53.2%, 51.8%, and 43.1%, respectively; N recovery rates in the S + IR system tended to be higher than in the M + IR system at 61.4%, 57.2% and 52.7% for the CM + CF, DDEM and CM treatments, respectively. This is probably due to the higher dry matter yields with higher total N content in the S + IR system than in the M + IR system, which were slightly lower than reported for the processed year in Hokkaido, northern Japan [15] , and liquid DEM application to M + IR system in southern Kyushu [10] . N recovery rate did not differ significantly among treatments in either cropping system. Figure 3 shows change in the available N content of DDEM and CM as a function of incubation time. Available N content increased rapidly in both treatments at the third day of incubation. Between the 3rd and 14th of incubation, available N in DDEM tended to be lower than in CM. After this point, DDEM and CM exhibited similar available N content around 22 mg•kg −1 until the 28th day of incubation. It is previously reported that at an initial period, inorganic N immobilization increased up to 200 μg•N•g −1 soil, after amending soil with animal slurries [16] . And the initial inorganic N decreased after 7 days of incubations and it accounted for 60 μg•N•g −1 soil for soil treated with cattle slurry plus cattle manure plus maize-oat silage [17] .
Nitrogen Recovery Rate in Each Cropping System
Change in Available Nitrogen Content of Manure
Fertilizer Effect of DDEM
As biogas residues remaining after anaerobic digestion provide a valuable nutrient source, the fertilizer value of the residues has to be accounted for improving nutrient use efficiency at both field and farm levels [18] . DDEM treatment did not result in significant differences in dry matter yields, soil chemical properties, or N recovery rates relative to CM + CF and CM treatments in either cropping system. In the incubation trial, available N content of DDEM was similar to that of CM at the 28th day. Total N content of DDEM was almost twice that in the commercial cattle manure purchased in Miyazaki Prefecture. In addition, the phosphorus and potassium content of DDEM was higher than the averages for the region [19] . Total soil N content was significantly higher for the DDEM treatment than for the NF treatment, suggesting that DDEM has the potential to increase total soil N and, thus, can be used as an alternative organic fertilizer to commercial manure.
Adaptability of DDEM to Forage Production System in the Region
In forage crop cultivation such as maize and sorghum, large quantities of fertilizer must be supplied. Thus, DDEM is suitable for use as a basal fertilizer for these crops. Nitrogen in most organic fertilizers tends to be released slowly, leading to enrichment of the soil N pool [20] . Large amounts of energy and labor are also required for the transportation and application of DEM [21] . DDEM has a lower specific gravity than CM. As such, it is easier to handle and requires lower transportation costs compared to DEM. Biogas plants produce CH 4 as energy and DEM as a fertilizer component. The effective utilization of livestock waste can reduce the environmental load of livestock operations [21] .
Conclusion
Biogas plants to process animal excreta are essential in southern Kyusyu, since they produce renewable energy and effective disposal of livestock waste. The present study indicates that DDEM, a byproduct of biogas plant operations, can replace inorganic fertilizer and commercial cattle manure as a fertilizer in the annual dual-cropping systems that are typical to the region. 
